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Periodic flow structures in a turbofan fan
stage in windmilling
Nicolás Garcıa Rosa , Adrien Thacker and Guillaume Dufour
Abstract
In a fan stage under windmilling conditions, the stator operates under negative incidence, leading to flow separation,
which may present an unsteady behaviour due to rotor/stator interactions. An experimental study of the unsteady flow
through the fan stage of a bypass turbofan in windmilling is proposed, using hot-wire anemometry. Windmilling con-
ditions are reproduced in a ground engine test bed by blowing a variable mass flow through a bypass turbofan in ambient
conditions. Time-averaged profiles of flow coefficient are independent of the mass flow, demonstrating the similarity of
velocity triangle. Turbulence intensity profiles reveal that the high levels of turbulence production due to local shear are
also independent of the inlet flow. A spectral analysis confirms that the flow is dominated by the blade passing frequency,
and that the separated regions downstream of the stator amplify the fluctuations locked to the BPF without adding any
new frequency. Phase-locked averaging is used to capture the periodic wakes of the rotor blades at the rotor/stator
interface. A spanwise behaviour typical of flows through windmilling fans is evidenced. Through the inner sections of the
fan, rotor wakes are thin and weakly turbulent, and the turbulence level remains constant through the stage. The rotor
wakes thicken and become more turbulent towards the fan tip, where flow separation occurs. Downstream of the
stator, maximum levels of turbulence intensity are measured in the separated flow. Large periodical zones of low velocity
and high turbulence intensity are observed in the outer parts of the separated stator wake, confirming the pulsating
motion of the stator flow separation, locked at the blade passing frequency. Space-time diagrams show that the flow is
chorochronic, and a 2D non-linear harmonic simulation is able to capture the main interaction modes, however, the
stator incidence distribution could be affected by 3D effects.
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Introduction
When an aircraft engine flames out during flight, the
ram pressure at the fan inlet creates an internal air-
flow that causes spool rotation, leading to windmil-
ling operation. A reliable prediction of key
parameters in windmilling conditions is therefore
essential at the early design stages. For instance, the
assessment of the in-flight relight envelope requires
the prediction of the mass flow rate through the com-
bustor. The windmilling engine drag has an impact in
the design of the vertical stabilizer in multi-engine
aircraft, as it is sized to compensate the thrust asym-
metry in the case of an engine failure at take-off. To
assess the engine drag at windmill requires a detailed
knowledge of the unsteady flow field and losses
through the fan stage.
Although engine cycle modelling1–3 and perfor-
mance experiments4,5 can directly provide informa-
tion on global engine performance, these methods
bring little detail on the local loss mechanisms. Yet
a detailed understanding of the flow features inside
the critical components is essential for a reliable pre-
diction of the overall performance, especially in severe
off-design operating conditions. Moreover, knowl-
edge of the unsteady content of the flow can lead to
assumptions allowing the use of cost-efficient numer-
ical simulation like harmonic methods.
Available studies focusing on the loss mechanisms
in windmilling compressors agree that both the rotor
and stator operate at negative incidence, leading to
the development of flow separations on the lower side
of the blades. A velocity triangle analysis, as sketched
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in Figure 1, illustrates this. In windmilling, the abso-
lute inflow is still axial, however, the smaller rotation-
al speeds lead to a smaller blade velocity U, a higher
flow coefficient Vx=u, and a negative incidence on the
rotor. Assuming the flow exits the rotor near the
blade metal angle, the lower blade velocity also
leads to negative incidence on the stator, causing
flow separation. Along the spanwise direction, the
rotor has a mixed operation: the outermost sections
extract work from the flow, and the innermost work
in compressor mode. This mechanism was observed
in full-scale engine tests in an altitude test facility,6 in
multi-stage7 and single-stage8 compressors, as well as
in blade cascades,9 and low-speed research fans.10,11
In some studies, the separation on the rotor leading
edge does not seem to reattach and lead to large flow
deviation at rotor outlet.7,11 In other studies6,8,12 the
rotor separation may reattach before the trailing edge
and yield relative flow angles at rotor outlet close to
the metal angle. Regardless of the rotor behaviour, all
the studies agree that the bulk of the pressure loss
occurs in the stator, due to a massive flow separation
at the outlet guide vane pressure side.
Recent work by Goto et al.8 Gunn and Hall10 and
Dufour et al.12,13 focus on the detailed flow field
across the stage using unsteady simulations to capture
the unsteady regions of separated flow. Goto et al.8
concentrate on the stator vane flow and observe that
the incidence angle of the stator changes periodically
and triggers the generation of an unsteady, column-
like vortex that is shed downstream. Dufour et al.12
show a strong rotor/stator interaction, in which the
rotor wake triggers a periodic movement of the reat-
tachment point at the trailing edge of the stator, lead-
ing to vortex shedding. These results were obtained
with the non-linear harmonic method to capture
deterministic unsteady rotor/stator interaction, using
a 2D domain representing a cylindrical section at a
spanwise position of 70% blade height, which
assumes there is no 3D effect in the radial direction.
For this reason, the simulation may not capture any
free unsteadiness (i.e. not related to interactions at the
blade passing frequency), and might not be fully rep-
resentative of the 3D flow, and the question is still
open whether the vortex shedding occurs synchro-
nously with the rotor wake passage. In the case of a
multi-stage compressor, Gill et al.7 demonstrate
experimentally that the observed unsteady flows are
dominated by periodic structures at the blade passing
frequency. The authors further observe that the
second and third harmonics of the velocity fluctuation
are more significant in the first stage rotor and
decrease in the succeeding stages. In particular, at
high flow coefficient, the second and third harmonics
become less significant, leading to an approximately
sinusoidal velocity fluctuation, indicative of a massive
flow separation. The authors report a broad, pulsat-
ing motion of the wake downstream of the first stage
stator.
Focusing on numerical methods, it appears that
most of the recent numerical studies on fan windmil-
ling6,8,10,14 have used unsteady, classical time march-
ing approaches, in conjunction with either a periodic
multiple-passage domain,8,14 or even the whole annu-
lus.10 This is in contrast with the nonlinear harmonic
approach used by Dufour et al.12 which combines a
Fourier-based time integration and chorochronic
boundary conditions on a single blade passage. This
method reduces the computational cost, but relies on
two strong assumptions: the Fourier-based time inte-
gration is only valid for flows that are periodic at the
blade passing frequency, and the chorochronic
boundary conditions require a space-time periodicity
in the flow field. In the present study we set out to
verify the two assumptions with experimental evi-
dence, and provide support to the use of efficient
numerical methods for windmilling unsteady flow
simulations.
In this context, a recent study15 initiated an exper-
imental database of the unsteady, turbulent flow fea-
tures through the fan stage of a bypass geared
turbofan in windmilling conditions. This paper sets
out to improve our understanding of the unsteady
content of the separated flows in windmilling, by ana-
lyzing the periodic components of the flow. An exper-
imental investigation is performed using hot-wire
probe measurements exploring the engine inlet, the
rotor/stator interface and the stator outlet. First, the
time-averaged characterization is recalled to confirm
that steady flow profiles are independent of mass flow
rate. Then, the periodic content of the stator flow is
analyzed to confirm whether the observed pulsating
motion of the stator separation is synchronized with
the blade passing frequency. Phase averaging is
employed, locked to the rotor blade passing period,
to extract the main periodic flow patterns which are
synchronized with the blade passing. The incoherent
and random fluctuations related to the turbulent
motion are also extracted. This leads to a detailed
description of the rotor blade wakes in windmilling
and highlights the existence of periodical structures
developing within the outer section of the stator
wake. Finally, space-time diagrams are plotted and
Figure 1. Velocity triangles across the fan stage in windmilling.
compared to previous 2D, non-linear harmonic sim-
ulation results to discuss whether the separated flow is
chorochronic. The results thus allow the discussion of
both the deterministic periodic content of the flow
and of its space-time periodicity.
Experimental setup and analysis
procedures
Windmilling test facility
The engine under consideration is an unmixed flow
geared turbofan developed by Price Induction for pri-
vate light aircraft. It has a maximum fan pressure
ratio of 1.2, and a bypass ratio of 6 at maximum
power. The fan diameter is 352mm, designed with
14 rotor blades and 40 stator vanes. Figure 2(a)
shows a schematic view of the engine layout and
instrumentation.
Tests are carried out on the ISAE-SUPAERO tur-
bofan test facility, which reproduces windmilling con-
ditions at ground level. A 75 kW centrifugal blower is
connected to the turbofan inlet thanks to a 4m long
tube, imposing a mass flow rate through the engine of
up to 6 kg/s, and a local Mach number of 0.16 at the
engine inlet. The fuel feed is naturally cut off. The
engine is equipped with conventional instrumentation
consisting of steady pressure and temperature meas-
urements as depicted in the upper part of Figure 2(a).
For each station in the lower part of Figure 2(a), a
number of ports located at the different azimuthal
positions allow the intrusion of probes. A more com-
plete description of the setup as well as the windmil-
ling operating range under study can be found in
Garcia-Rosa et al.16
The operating point is defined by the mass flow





pt;2  A2 (1)
The values of the fan tip Mach number, rotational
speed, and the resulting blade passing frequency
(BPF) and fan Reynolds number (based on the
blade tip speed and chord) are given in Table 1. The
local Mach number at the fan inlet (2A) ranges from
0.08 to 0.16 and the equivalent flight Mach number
between 0.14 and 0.28. Flow measurements at the
core nozzle exit16 indicate that in windmilling the
core mass flow is very small and the bypass ratio
approximately 50.
Hot-wire measurement system and
post-processing method
The flow velocity magnitude and azimuthal angle are
measured using the hot-wire anemometry system
described in Thacker et al.15 The Dantec 55R52 dual
fiber film probes are radially introduced in the flow, at
the axial positions depicted in the lower part of Figure
2(a), so that the plane of the wires coincides with the
local azimuthal, blade-to-blade plane ð~ex;~ehÞ depicted
(a) (b)
Figure 2. Engine instrumentation. (a) Traverse positions and station nomenclature. (b) Hot-wire probe coordinate system.
Table 1. Rotor and key engine parameters for the tested windmilling operating points, compared to nominal operation.
Windmilling Nominal
MFP () 0.09 0.11 0.13 0.15 0.18 0.37
Nfan (rpm) 1050 1330 1610 1900 2200 11500
BPF (Hz) 245 310 375 440 510 2680
Fan Mtip () 0.055 0.069 0.083 0.097 0.11 0.61
Rec (105) 1.4 1.8 2.1 2.4 2.7 4.9
in Figure 2(b). An optical sensor is used to capture the
rotor blade passing and trigger the measurements.
The measurement time is set to 50 rotor revolutions
so that 700 rotor blade passings are captured, and the
sampling frequency ranges from 50 kHz at stations 2A
and 2R, to 84 kHz at station 21A.
The unsteady and turbulent components of the
flow field are extracted using a phase-locked averag-
ing procedure (see also Camp and Shin17 Fernandez
Oro et al.18). From the hot wire signal, time series of
velocity v(r, t) (and flow angle aðr; tÞ) are decomposed
into:
vðr; tÞ ¼ VðrÞ þ ~vðr; tÞ þ v0ðr; tÞ (2)
where VðrÞ is the time-averaged component, ~vðr; tÞ
denotes the so-called deterministic fluctuations relat-
ed to the periodicity of the flow (at the blade passing
frequency), and v0ðr; tÞ are the random (chaotic) fluc-
tuations related to turbulence. From this decomposi-
tion, the phase-locked average is defined as
hViðr; tÞ ¼ VðrÞ þ ~vðr; tÞ and is assessed by an ensem-
ble averaging over the NTr ¼ 700 rotor blade passing
periods:




vðr; tþ n  TrÞ (3)
where Tr is the blade passing period. During data
acquisition, small variations in rotational speed are
observed, which lead to variations in the blade pass-
ing period Tr. Before performing the ensemble
averaging, the individual blade passing traces are
re-sampled on a common time base using linear
interpolation.
Turbulent fluctuations are therefore extracted by
subtracting hViðr; tÞ from the measured raw velocity
v(r, t). The average turbulence intensity is then
assessed from IvðrÞ ¼ ½v02ðrÞ1=2= VðrÞ. The level of tur-
bulence at each rotor position is also defined as a
















For the fan stage under consideration, a flow separa-
tion occurs at the rotor leading edge, as commonly
observed in windmilling conditions.6–8,11 Skin friction
lines on the rotor blade at MFP¼ 0.18 obtained from
RANS simulations of Dufour et al.12 are presented in
Figure 3(a). The extent of the separation on the rotor
blade is clearly visible. The flow separates at the rotor
leading edge and reattaches on the blade to form a
3D separation bubble. The size of the separation
increases from hub to shroud and extends until
about 75% of the chord close to the tip. The local
aerodynamics of the stator also has a complex topol-
ogy. Skin friction lines from numerical simulations of
Dufour et al.12 shown in Figure 3(b) demonstrate that
the stator flow reattaches to the blade in the inner-
most sections but does not reattach between 40% and
90% span leading to a massive flow separation in this
area. As a consequence, a large velocity deficit is
observed downstream of the stator. Figure 3(b) indi-
cates that the measurement profile at 21A traverses
this separated zone near the shroud. This is consistent
with the measured time-averaged axial velocity
(a) (b)
Figure 3. Skin friction lines on concave surfaces of rotor (a) and stator (b) blades (adapted from Dufour et al.12).
profiles presented in Figure 4, where a strong velocity
deficit is observed between h=H ¼ 0:4 and h=H ¼ 0:8,
with a local minimum at h=H ¼ 0:65.
The mean flow topology in the engine under con-
sideration has been extensively studied in previous
work.12,15,16 It was shown that the rotor presents a
spanwise mixed operation, with the inner sections of
the blade in compressor mode, and the outer sections
in turbine mode, with the change in behaviour at
approximately 40% blade height. It was also con-
firmed that the stator operates in severely negative
incidence, and that the effects of the stator separation
evidenced in Figure 3(b) span above 60% vane height.
The strongest velocity deficit and most negative inci-
dence angle was observed for h=H ¼ 0:65.
Similarity with respect to mass flow parameter
By considering that the engine operates at sufficiently
high Reynolds number and sufficiently weak Mach
number for the different tested mass flow parameters
in windmilling conditions (see Table 1), a dimensional
analysis shows that global performance can be
expressed as a function of the flow coefficient U
only. More specifically, by expressing windmilling
performance characteristics in a loading-to-flow coef-
ficient diagram, Binder et al.19 show that in free wind-
milling, where the loading coefficient is equal to zero,
the flow coefficient reaches a constant value noted
U ¼ Up and the resulting local aerodynamics is simi-
lar for different values of rotational speed and mass
flow parameter. Profiles of local flow coefficient U ¼
VxðrÞ=UðrÞ through the fan stage are shown in
Figure 4 for the different tested windmilling operating
points. Dimensionless profiles are independent of the
inlet flow parameter, indicating a fairly good simili-
tude with respect to the range of operating points.
Referring to velocity triangle (see Figure 1),
self-similarity of local flow coefficient profiles means
that flow angles through the fan stage remain
unchanged for the different values of inlet flow
parameter. Incidence values on both the rotor and
the stator are therefore unchanged,15 and a unique
flow topology (associated with a unique global flow
coefficient) can be considered for all the tested oper-
ating points.19 This unique topology includes the
spanwise distribution of rotor fan/turbine operating
modes as well as the size and shape of flow separa-
tions on both the rotor and the stator.
The similarity analysis is extended here to the
description of turbulence intensity. Radial distribu-
tion of turbulence intensity Iv across the fan stage is
shown in Figure 5. At each station (2A, 2R and
21A), profiles of turbulence intensity collapse into a
single curve for the different test conditions. This
reveals that turbulence production owing to local
shear is conserved, and implies that the local topology
of flow separations remains unchanged. The graphs
compare the profiles measured between rotor and
stator (2R) to those measured upstream of the rotor
(2A), and downstream of the stator (21A). At the
engine inlet (station 2A) a constant turbulence inten-
sity of Iv ’ 3% is observed within a large part of the
span, despite a higher level near the shroud, caused by
the development of the upstream boundary layer
along the duct linking the engine to the windmilling
blower. Downstream of the rotor (station 2R), tur-
bulence intensity is constant (Iv ’ 2%) within the first
60% span, and slightly lower than upstream the
rotor, probably due to the presence of the spinner
which causes streamtube contraction near the hub.
Towards the shroud, for h=H 0:6, the turbulence
intensity increases and is significantly larger than at
rotor inlet. This increase is a trace of the rotor flow
separation which produces turbulence. Remarkably,
Figure 4. Local flow coefficient profiles across the fan stage:
(2 A) rotor inlet, (2 R) rotor/stator interface and (21A) stator
outlet. One out of four points are plotted in 21A profile for
clarity.
Figure 5. Time-averaged turbulence intensity profiles across
the fan stage.
the observation that the outer sections of the fan
rotor (above h=H ¼ 0:6) produce turbulence is quite
well correlated to the spanwise growth of the rotor
separation as depicted in Figure 3(a). This is more
specifically described in the next section. A further
increase in turbulence intensity is observed through
the stator (comparing profiles at 2R and 21A in
Figure 5). In particular, substantial levels of turbu-
lence are reached for 0:2  h=H  0:9, with a max-
imum at x=H ¼ 0:65 (up to 18%), which are
attributed to the stator flow separation. Referring to
the stator flow topology described in Figure 3(b), tur-
bulence intensity is maximum within the fully sepa-
rated zone. Judging from numerical results, profiles at
station 21A are expected to be located within the
shear layer that separates the inner area of flow sep-
aration (with the highest velocity deficit) from the
outer area, where turbulence production is expected
to be maximum.
Having observed that the flow features are similar
with respect to the mass flow parameter, we will focus
our attention on results at MFP¼ 0.18.
Periodic flow structures
Frequency content through the fan stage
In this section we turn our attention to the frequency
content of the velocity signals through the fan stage,
by calculating the power spectral density of the global
velocity fluctuation, which includes the deterministic
and random fluctuations, i.e the ~vðr; tÞ þ v0ðr; tÞ term
in equation (2). The spectra presented in Figure 6
were obtained using the Welch periodogram
method. This figure compares spectra obtained in
weakly turbulent (h=H ¼ 0:15) and highly turbulent
regions (h=H ¼ 0:70), between rotor and stator (2R)
and downstream of the stator (21A).
These spectral signatures indicate that the velocity
fluctuations at the blade passing frequency and har-
monics are predominant. Similarly to what has been
observed by Gill et al.,7 the velocity signals near the
rotor blade root (2R, Figure 6(a)) present a large
number of significant harmonic components (up to
6 to 7 times the BPF), suggesting narrow wakes. On
the other hand, the signal near the rotor blade tip
(2R, Figure 6(b)), as well as the signals at the stator
exit (21A, Figure 6(a) and (b)), display much weaker
harmonic components, suggesting a more sinusoidal
velocity signal, characteristic of broader, separated
wakes. In principle, the measured velocity fluctua-
tions downstream of the stator potentially stem
from two contributions: the periodic passage of
rotor wakes, crossing the stator blade row, and the
pulsating motion of the separated region. The latter
could happen at its own specific frequency. Indeed,
assuming a Strouhal number based on the blade
chord c of Stc ¼ fc=v ’ 0:2 (order of magnitude of
the vortex shedding downstream of a flat plate in
incidence20) would lead to a frequency in the order
of f ’ 0:6 BPF at h=H ¼ 0:7. However, since no
significant amplitude is observed in the vicinity of
this frequency, we conclude that the pulsating
motion of the stator separation is exclusively driven
by the periodic passage of rotor wakes, and the fluc-
tuations are locked to the BPF. Finally, the number
of significant harmonics in the velocity signals does
not change with flow coefficient.
Naturally the overall levels are higher in the outer
sections, owing to the higher turbulence intensity in
the separated wakes. It is interesting to note that
closer to the hub, the harmonic amplitudes decrease
while keeping a constant overall turbulence intensity,
and conversely, at h=H ¼ 0:70 the BPF amplitude
increases through the stator row. This supports the
idea that the stator separation has two effects: it pro-
duces turbulence and amplifies the coherent fluctua-
tions locked to the BPF.
Rotor blade wake description
Since the velocity fluctuations are dominated by the
blade passing frequency and its harmonics, a phase-
locked averaging procedure can be applied to hot-
wire measurements to investigate the periodic
structures of the flow. In particular, because the
(a)
(b)
Figure 6. Power spectra of velocity fluctuation across the fan
stage. (a) In the low turbulence region ðh=H ¼ 0:15Þ. (b) In the
high turbulence region ðh=H ¼ 0:70Þ:
rotor blades pass at a constant rotational velocity in
front of the hot-wire probe, the phase-locked averages
triggered by the blade passing show the topology of
the blade wakes, and the phase-locked time t=Tr is
equivalent to the blade angular position.
Contours of phase-locked axial velocity and turbu-
lence intensity downstream of the rotor versus blade
height and rotor passing period are shown in
Figure 7. The rotor blade passing is clearly visible
in the form of diagonal stripes of low axial velocity
and high turbulence levels, which form the wake sig-
natures. The rotor wakes broaden towards the blade
tip and lead to regions of lower velocity and higher
turbulence intensity within the outer 40% of blade
height. This wake enlargement towards the casing is
attributed to the spanwise extent of the rotor flow
separation as described from numerical simulations
in Figure 3(a), and time-averaged turbulence intensity
profiles in Figure 5.
Phase-lock averaged profiles in the thin-wake zone
(h=H ¼ 0:15), and inside the separated zone
(h=H ¼ 0:7) are presented in Figure 8. At 15%
blade height (Figure 8(a)), axial velocity traces can
be decomposed into an almost constant velocity
part that corresponds to the channel flow (also
referred to as main stream), and a wake part. Since
the flow separation on the rotor quickly reattaches at
the blade root, the wake captured in the velocity
traces is simply formed by the combination of the
suction and pressure side boundary layers. This
yields relatively thin blade wakes within the inner
sections, as suggested by the large number of harmon-
ics in the spectral signature (Figure 6(a)). These thin
wakes are associated with two local maxima of tur-
bulence intensity (hIvi ’ 4:5%), owing to turbulence
production in the wake shear layers (on both pressure
and suction sides), whereas weak turbulence levels are
observed in the channel flow (hIvi ’ 1:5 2%). At
70% blade height (Figure 8(b)), the rotor wakes are
clearly much thicker due to the larger separation
bubble (see Figure 3(a)). The shape of the signal is
almost sinusoidal, which correlates with the lower
number of harmonics observed in the spectrum
(Figure 6(b)). Velocity deficits observed in phase-
lock averaged time series emerge from the combina-
tion of the separated flow wakes on the pressure side
and the development of the suction-side boundary
layer. As a consequence, the widening of the rotor
wakes due to flow separation reduces the effective
area of the blade-to-blade flow and yields a blockage
effect characterized by the parabolic shape of the
velocity profiles within the channel flow. At h=H ¼
Figure 7. Phase-locked average contours downstream of the
rotor (MFP¼ 0.18). (a) Axial velocity. (b) Turbulence intensity.
(a)
(b)
Figure 8. Phase-lock averaged profiles downstream of the
rotor (MFP¼ 0.18). (a) h=H¼ 0.15. (b) h=H¼ 0.70.
0:7 the maximum of turbulence produced within the
rotor wake is higher than in the inboard sections
because of the flow separation.
Phase-locked average profiles are also compared to
their respective time-averaged values, represented by
straight lines labelled Vx and Iv , in Figure 8(a) and
(b). Remarkably, the time-averaged axial velocity
Vx=V2A and turbulence intensity Iv are very close to
the channel flow phase-locked average values. This
stresses the fact that rotor wakes are thin in the
inner sections and only represent 30% of a blade-to-
blade passage, leading to a weak statistical weight in
the time averaging operation. In contrast, at
h=H ¼ 0:70, the cross-section areas of the rotor
wakes and the channel flow are comparable.
Consequently, the local time-averaged turbulence
intensity roughly compares to an average between
the maximum turbulence within the wake and the
minimum turbulence within the channel flow.
Figure 9 extends this analysis, by comparing the min-
imum and the maximum of phase-locked average tur-
bulence intensity signatures to the time-averaged
turbulence intensity, for each radial position explored
downstream of the rotor. Two distinct sections are
highlighted, capturing the spanwise extent of the
rotor flow separation. For h=H < 0:6, time-
averaged turbulence intensity matches the channel
flow turbulence, and the rotor wakes produce little
turbulence. The turbulence level is in fact comparable
to that at the engine inlet, as observed in Figure 5(a)
and (b). For h=H > 0:6, the minimum turbulence
intensity (attributed to the main stream) slightly
increases towards the shroud, while the maximum
turbulence intensity (attributed to the wake) rises rap-
idly due to the turbulence production in the separated
flow. This yields an increase in the time-averaged tur-
bulence intensity towards the shroud, which lies
between the two peak values, showing that both
main stream and blade wakes have the same statistical
weight in the time average.
Finally, the wake regions are also characterized by
a deficit in stator incidence. Figure 8 also shows the
profiles of phase-locked stator incidence, calculated
using the measured flow angle a and the local stator
leading-edge blade angle as, yielding is ¼ a as.
Overall, the incidence values are severely negative,
decrease in the outer regions of the fan rotor, and
periodically reach a local minimum. In the next sec-
tion, we attempt to determine if these periodic varia-
tions in stator incidence could trigger an equally
periodic motion of the stator separation.
Unsteadiness downstream of the stator
Unsteadiness downstream of the stator in windmilling
operation has been studied by Goto et al.8 and
Dufour et al.12 using experiments and unsteady sim-
ulations. The authors pointed out that a rotor/stator
interaction is triggered by periodic disturbances of
stator incidence provided by the periodic passing of
rotor blade wakes. As a consequence, periodic distur-
bances of incidence would lead to fluctuations in the
intensity of the stator flow separation,8 or a periodic
Figure 9. Span wise distribution of turbulence intensity
downstream of the rotor: contributions from wake and chan-
nel flow turbulence compared with time-averaged profile.
Figure 10. Contours of phase-locked average downstream of
the stator (MFP¼ 0.18). (a) Axial velocity. (b) Turbulence
intensity.
movement of the flow reattachment close to the stator
trailing edge.12
Contours of phase-lock averaged axial velocity and
turbulence intensity downstream of the stator (station
21A) are presented in Figure 10. These contours are
obtained from measurements at a fixed azimuthal
position, as depicted in Figure 3(b). For h=H < 0:5,
the profile traverse is located within the stator channel
flow (see Figure 3(b)). Consequently, the observed
unsteadiness in this region is attributed to the rotor
blade wakes periodically passing through the stator
vane. This is suggested by the regular diagonal stripes
of lower velocity and higher turbulence intensity, sim-
ilarly to phase-lock averaged contours downstream of
the rotor. Between h=H ¼ 0:5 and h=H ¼ 0:8 the
upper part of the separated stator wake can be cap-
tured. The phase-lock averaged contours within this
region display large zones of low velocity and high
turbulence intensity being convected periodically
downstream. Additionally, regions of minimum
axial velocity are observed at h=H ¼ 0:65, which cor-
responds to the position of the massive flow separa-
tion, as identified numerically.12
In order to fully sample the separated region, the
hot-wire probe is traversed azimuthally at the two
different radial positions of interest. Figure 11
shows the space-time diagrams obtained by perform-
ing a phase-locked average of axial velocity at differ-
ent azimuthal positions. Since the probe traverse only





the plot is completed by assuming a periodicity of 9

(one stator pitch). To do so, the results are duplicated
and shifted along the T=Tr time axis by one choro-








In this diagram, the channel flow is identified by
the maximum axial velocity, and the rotor wakes are
materialized by regions of lower velocity which are
aligned in diagonal stripes with a slope equal to
the rotational speed of the rotor. The stator wakes
are visible as regions of even lower velocity, which
are horizontal at h=H ¼ 0:15 (Figure 11(a)) since the
blades are at fixed azimuthal positions. It is interest-
ing to note that the stator wakes show a periodic
behaviour and that the minima of axial velocity
align on a 14X=26 slope, which corresponds to the
ZrX=ðZs  ZrÞ interaction mode. Finally, there
seems to exist two local maxima of turbulence inten-
sity (materialized by regions where Tu  4:5%), each
perfectly aligning with either the rotor wakes and the
14X=26 interaction mode. In the separated regions
(h=H ¼ 0:70, Figure 11(b)), however, the periodic
oscillations of the stator wakes are amplified and dis-
play a pattern closer to that of a vortex shedding.
Naturally, the wake oscillations have the same
period Tr as the rotor wakes.
Overall, the main interaction modes described in
Dufour et al.12 through 2D, non-linear-harmonic
(NLH) simulations are confirmed experimentally,
also bringing further ground to the assumption of a
chorochronic periodic flow in the NLH simulations.
However, the experimental space-time diagram and
that obtained from the 2D NLH simulations
(Figure 5) exhibit appreciably different patterns. If
the slopes coincide, there is a shift between the rotor
and the stator wake patterns. For instance, in the 2D
NLH simulation, the rotor wakes align at þX with
Figure 11. Space-time diagrams of axial velocity downstream
of the stator. (a) Measurements at h=H¼ 0.15. (b)
Measurements at h=H¼ 0.70. (c) 2D NLH simulations by
Dufour et al.5 at h=H¼ 0.70.
the patterns of highest velocity in the stator wake. In
our experiment, the rotor wakes align at þX with the
patterns of lowest velocity in the stator wake. This
difference could be attributed to 3D effects not cap-
tured by the 2D simulation.
Since all phase-lock signals are triggered by the
same rotor blade passage signal, the signal at 21A
should correlate with the signal at 2R delayed by
the phase shift between stations 2R and 21A.
This phase shift can be estimated as the sum of the










where Dx is distance between the two stations, vx is
the time-averaged axial velocity, Dh is the azimuthal
offset between the two traverses, and X the fan rota-
tional speed (see Figure 12(a)). Figure 12(c) plots the
phase-locked signals, shifted by the resulting time lag
between 2R and 21A. This way we can correlate the
minima of incidence at 2R with the minima of axial
velocity at 21A, and the peaks of maximum incidence
at 2R with the peaks of maximum turbulence inten-
sity at 21A. A tentative illustration of this situation is
given in Figure 12(b). We have previously observed
that the minimum and maximum of incidence in 2R
are located inside the wake of the rotor, while the
plateau of incidence corresponds to the channel
flow. In situation (B) the stator leading edge is in
the channel flow of the rotor, the incidence is moder-
ately negative and the turbulence downstream of the
stator is at a minimum. In situation (A) the stator is in
the wake of the rotor and the minimum incidence
coincides with the maximum turbulence intensity in
the separated region downstream. The periodic oscil-
lation between the two situations leads to conclude
that the separated region has a pulsating motion trig-
gered by the wake passages at the blade passing fre-
quency. Finally, since the minima of turbulence
intensity in the stator separation (around 15%) are
significantly higher than the values in the rotor chan-
nel flow (around 5%), we conclude that the stator
separation does not reattach to the blade surface.
Conclusion
An experimental investigation of the unsteady, turbu-
lent flow through the fan stage of a bypass turbofan
in windmilling conditions has been performed using
hot-wire anemometry. Two distinct regions are
highlighted at the stator outlet. Within the first 30%
height downstream of the fan stage, relatively weak
levels of turbulence of approximately 3% are
observed and maintained through the fan stage
from the engine inlet. This is linked to the fact that
the flow through the rotor and the stator is weakly
separated in this region. Within the last 70% height
downstream of the fan stage, substantial levels of tur-
bulence production are observed through the rotor
and stator, and related to the larger separation in
these sections. The main contribution comes from
the stator where turbulence intensity reaches up to
18% at 65% blade height, where the flow separation
is the largest.
This turbulence production happens at frequencies
around the blade passing frequency. Moreover, the
unsteadiness observed downstream of both rotor
and stator are dominated by the blade passing fre-
quency and its harmonics. In particular, in separated
regions, no other frequencies are observed, and the
harmonic content is lower than in less turbulent
regions. This corroborates the conclusions of previ-
ous numerical work13 where non-linear harmonic
simulations are performed in windmilling conditions,
using a lower number of harmonics than in normal
operating conditions. The differences observed in
experimental and numerical (2D) space-time dia-
grams indicate that three-dimensional effects may
have a sensible impact on the span-wise profile of
stator incidence. However, we confirm the space-
time interaction modes observed in previous 2D har-
monic simulations and bring experimental evidence
that the flow is chorochronic.
Phase-lock averaged profiles downstream of the
rotor and the stator provide a detailed description
of the periodic structures of the flow. Downstream
(a) (b)
(c)
Figure 12. Phase-lock averaged profiles downstream of the
stator (MFP¼ 0.18). (a) Phase lag between 2R and 21A. (b)
Proposed scenario. (c) Signals at h=H ¼ 0:70.
of the rotor, turbulence is produced by the rotor flow
separation wakes in the outer sections while it
remains similar to the engine inlet conditions in the
inner sections. This is due to the fact that the rotor
wakes are thin and not sufficiently developed to add
significant turbulence inboard. Downstream of the
stator, large periodical zone of low velocity and
high turbulence levels are observed within the outer
part of the stator flow. We conclude that this
unsteady flow patterns are linked to a pulsating
motion of the separated shear layer, aligned with
the main rotor/stator interaction modes, linked to a
periodic variation of stator incidence angle, and pos-
sibly leading to a vortex shedding mechanism in the
fully separated regions downstream of the stator.
Regarding the choice of efficient numerical meth-
ods for windmilling fan flow simulations, two conclu-
sions can be emphasized: (i) the fact that the flow is
found to be periodic at the blade passing frequency
supports the use of Fourier based methods, such as
the nonlinear harmonic or the harmonic balance
methods, and (ii) the observation that the flow has a
classical space-time periodicity allows the use of cho-
rochronic boundary conditions, which further reduces
simulation cost by enabling the use of single-passage
numerical domains. These cost-effective approaches
could ease the practical use of unsteady simulations
by fan designers for the evaluation of detailed losses
at windmill.
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A2 inlet cross section (m ​ 2, at station 2A)
e unit vector (-)
h distance to hub (m)
h=H normalized distance to hub (-)
Iv turbulence intensity (-)
MFP mass flow parameter (-)
Nfan rotational speed (rpm)
Ntr number of blade passings (-)
R ideal gas constant for air (287:04 J/kg/K)
r radial coordinate (m)
Re ​ c reynolds number (-) based on blade chord c
Rvv auto-correlation function (-)
t time (s)
Tr blade passing period (s)
Tt stagnation temperature (K)
U blade velocity (m/s)
v velocity magnitude (m/s)
x Axial coordinate (m)
Z number of blades (-)
Greek letters.
a absolute azimuthal angle (​ 8)
b relative azimuthal angle ( ​ 8)
ds chorochronic phase shift (s)
U flow coefficient U ¼ Vx=U (-)
h azimuthal position ( ​ 8)
rv standard deviation of v (m/s)
s correlation time lag (s)
X Fan rotational speed (in rad/s)
Acronyms.




2 relative to engine inlet conditions
h relative to azimuthal component
r relative to radial component
r relative to rotor
s relative to stator
t relative to stagnation conditions
x relative to axial component
